The transformation behavior of commercial superelastic NiTi material was studied during uniaxial tension and load path changes by employing a novel miniaturized biaxial stage and cruciform shaped specimens. EBSD and X-rays are used to characterize the initial and final microstructure, in situ digital image correlation at the macro and micro length-scales and in situ X-ray diffraction are used to follow the transformation characteristics. The results reveal an initial microstructure where large austenitic grains are subdivided in bands containing nanoscaled sub-grains. The link between the microstructure and strain accommodation during transformation is detailed and discussed in terms of Schmid behavior and strain path.
Introduction
Superelastic (SE) NiTi alloys have attracted significant attention for biomedical applications due to their property of absorbing large amounts of (deformation) energy and sustain large strains [1, 2] . These materials have successfully been implemented, amongst others, as structural material in orthodontic arc wires, vascular stents and orthopedic devices [1, 3] . During operational conditions SE NiTi alloys can undergo sharp load path changes [4] , which can lead to faster degradation of the superelastic properties upon repeated deformation cycles, as shown for simple uniaxial fatigue [5e8] .
Being able to model the superelastic behavior of components subjected to complex stress-states and load paths is particularly important, however the experimental data which are used to fit the models should not be solely obtained from simple uniaxial tension or compression tests [9, 10] . It has been shown for polycrystalline NiTi sheets that the shape of the superelastic stressestrain curve strongly depends on the orientation of the loading direction relative to the rolling direction [11] . This study showed that the magnitude of the plateau-strain is determined by the most favorably oriented martensite variants, whereas the magnitude of shape recovery strain is independent of the plateau-strain but depends on the reverse transformation of both favorably and less-favorably oriented martensite variants. Therefore, in order to allow for the development of reliable models, which can be used for complex structures and load path changes, it is important to have experimental data from complex loading experiments.
Different transformation behaviors with respect to different loading states have been reported [12e21] . Unlike uniaxial tension, where the localization of the transformation has been observed optically [13, 22, 23] , the application of shear loading or compression lead to a nearly uniform transformation [14, 18] . A uniform transformation accompanied with strain-hardening has been observed under equibiaxial tension in NiTi tubes [12] . Multiaxial stress states have also been applied by performing uniaxial tension on dogbone specimens with geometric defects (holes or notches) at the gauge area [13, 17, 21] . These studies revealed a dependence on martensite variant selection: at least two variants have been observed in one austenite grain in the biaxial loading, whereas only one variant appeared under uniaxial loading [17] .
Despite the efforts to experimentally study NiTi under multiaxial loadings, there are only few experimental studies on the transformation behavior under load path changes [14, 16] , and they are limited to the case of combining tension and torsion. Upon changing the load path on SE NiTi tubes, the stress-strain curve exhibited two distinct plateau regions, which was attributed to different martensite variants associated with tension and torsion loading [14] . The combined tension-torsion experiments also suggested the importance of the pre-loading [16] , e.g. the amount of rotation induced by uniaxial displacement and the generation of martensitic variants were strongly affected by the amount of pretorsion. Among most studies mentioned above, the martensitic transformation has been examined only at the macroscopic length scale. The association between the transformation behavior under different loading conditions and the microstructure is still lacking. The aim of the present work is to fully characterize the microstructure of a commercial SE NiTi alloy and to investigate its role in accommodating the strain during uniaxial loading and load path change. For this purposes a novel miniaturized biaxial device [24] is used to perform in situ experiments on cruciform-shaped samples during Synchrotron X-ray diffraction and to perform digital image correlation (DIC) inside a scanning electron microscope.
Experimental

Materials
A superelastic NiTi sheet (50.8 at.% Ni and 49.2 at.% Ti) with a thickness of 90 mm was purchased from Memry GmbH. This material has been cold rolled and annealed in the temperature range of 400e600 C by Memry GmbH [5, 6] . Fig. 1a shows the "flat geometry" of the cruciform-shape specimen. Examined by Finite element simulations (FE) with the built-in model for superelasticity of shape memory alloys in ABAQUS software, the martensitic transformation is shown to occur at the center (see Fig. 1b ) when subjecting to the Load Path Change (LPC) experiment. The experimental samples were cut using a picosecond laser at the Swiss Federal Laboratories for Materials Science and Technology (EMPA).
Load path change experiment
The LPC experiment was performed with the cruciform-shape specimen mounted on the mini-biaxial machine with a displacement rate of 200 nm/s for both loading/unloading [24] . Fig. 2a shows the loading sequence and the resulting force-displacement curves (for F1 and F2) in Fig. 2b . The specimen was first subjected to a tensile loading along axis 1 until F1 ¼ 24 N, this loading state is denoted as F1max. During the second loading along axis 2, the two arms along axis 1 were held at the same positions while F1 only decreased 1% in magnitude. After reaching F2 ¼ 27 N (denoted as F1F2 in Fig. 2a) , the force applied to axis 1 was released and the loading state F2max was reached. Finally the force applied along axis 2 was released, i.e. the specimen was fully unloaded and a full cycle of LPC was completed.
EBSD characterization
In order to obtain a well-polished surface, suitable for electron backscatter diffraction (EBSD), microstructural characterization and high-resolution DIC (HRDIC), the cruciform-shaped samples were glued onto a Struers AccuStop holder, carefully ground from both sides with SiC sandpapers with descending roughness (600, 800, 1200, 2400, 4000 grit) and then polished with 3 mm and 1 mm diamond suspension. Finally, vibration polishing was performed for 24 h using a Buehler Mastermet2 suspension on a Buehler VibroMet2 instrument. The entire grinding and polishing procedure reduced the sample thickness to approximately 80 mm.
EBSD investigation was undertaken using a field emission gun scanning electron microscope (FEG SEM) Zeiss ULTRA 55 equipped with EDAX Hikari Camera operated at 20 kV in high current mode with 120 mm aperture. The patterns were acquired by TEAM software with 4 Â 4 pixels binning and a condition of 8 bands for pattern recognition. The step size of the mapping varied according to the size of the region of interest from 150 to 60 nm. The EBSD raw data were post-processed using the EDAX OIM Analysis 7.3 software. For high resolution EBSD a FEG SEM FEI Helios G3 equipped with an EDAX EBSD system was used at the University of Poitiers. This instrument enables to perform mapping with a step size of 30 nm.
Digital image correlation
Digital Image Correlation (DIC) analysis was undertaken in order to study the deformation and the distribution of the transformation strain during the LPC. A PixeLINK camera with in-line 2Â telecentric lens from Edmund Optics was used to perform the macroscopic DIC (macro-DIC) investigation at the center of the cruciform. The surface roughness of the as-received material exhibited features that were tracked for performing macro-DIC. The DIC analysis was undertaken using the Ncorr open source 2D-DIC software, implemented in MATLAB [25] , using subset radius of 20 pixels, subset spacing of 2 pixels and 5-pixels strain radius. This combination of parameters was found to give a good compromise between resolution and noise.
For the in situ HRDIC measurements, the mini-biaxial machine was installed inside the chamber of FEG SEM Zeiss ULTRA 55 to study the microstructural evolution and deformation at a smaller length scale [24] . The speckles for HRDIC were prepared by the remodeling of a thin gold film deposited on the polished surface of the cruciform [26] . To obtain high contrast images for HRDIC analysis, the method proposed by Yan et al. [27] was adopted: an inlens detector was utilized as it minimizes the topographic contrast by gathering low energy electrons, and it provides sufficiently good signal/noise ratio for the working distance (WD) of 7.5 mm with the combination of an acceleration voltage of 3 kV and an aperture size of 20 mm. A series of SEM images (3 Â 3 grid) with a resolution of 3072 Â 2304 pixels were taken slightly offset the center (~40 mm, see Fig. 5 ) of the cruciform because of an optimal speckle pattern at this location. Slightly overlapping images (~5 mm overlap) at Â4000 magnification with dwell time of 25 msec were taken after reaching each loading state (cf. Fig. 2a ) in order to create strain maps of 65 mm Â 43 mm. The HRDIC analysis was undertaken using the Ncorr MATLAB code [25] , using a subset radius of 30 pixels, a subset spacing of 4 pixels and a strain radius of 5 pixels. This combination of parameters was found to give a good compromise between resolution and noise due to drift and lens distortions [26] .
In situ synchrotron XRD
The mini-biaxial machine was mounted on the goniometer of the powder diffraction station at the Materials Science (MS) beam line at the Swiss Light Source (SLS) [28] . The XRD measurements were performed during loading/unloading and while keeping the displacement at different loading state: F1max, F1F2, F2max and after full cycle of the LPC (see Fig. 2a ).
The experiment was carried out in transmission mode with a 20 keV beam with 100 Â 100 mm 2 spot size at the center of the cruciform (see Fig. 5 for the position). Two-detectors, a Mythen II microstrip detector and a Pilatus M6 2D detector, were employed to simultaneously record diffraction data along the scattering vectors parallel to the two in-plane directions of the cruciform specimen (see Fig. 3 ). The Mythen II microstrip detector was positioned such to record data in a range of 2q of~À55 to þ55 parallel to the loading direction, F1, with 30 s counting time (see Fig. 3 ). The 2D diffraction images were recorded with the Pilatus M6 2D detector with counting time of 30 s. The 2D images were then caked and integrated using FIT2D [29] along an azimuthal range of 175 e185 that corresponds to the direction parallel to F2 (see Fig. 3 ). The detector position, the tilt and rotation angles and the beam center were calibrated using a LaB 6 reference powder material. The diffraction-line profiles were fitted with a pseudo-Voight profile-shape function using the software WinPLOTR [30] . The martensite volume fraction was calculated from the integrated intensities of the austenite and martensite reflections [31] :
where P I ðhklÞM is the sum of the integrated intensities of the martensite reflections and P I ðhklÞA is the sum of the integrated intensities of the austenite reflections.
Results and discussion
Initial microstructure
EBSD and XRD measurements were performed on the asreceived material in order to characterize the initial microstructure and to determine the area for the HRDIC measurements. The average B2 austenite grain size was determined by EBSD to be 27 ± 12 mm and the austenite phase exhibits strong out-of-plane texture, i.e. the majority of the austenite grains are 〈111〉 -oriented (see Fig. 4a ). The initial microstructure is complex as shown by the inverse pole figure (IPF) and the image quality (IQ) maps obtained from the EBSD analysis (see Fig. 4a and b) . In Fig. 4a , bands with crystallographic orientations different from the 〈111〉 -orientation are found within the majority of the large austenite grains. The contrast in the IQ map in Fig. 4b originates from the variations in the quality of the electron backscattered patterns and enables to reveal additional microstructural details when compared to the IPF maps. The darker bands correspond to regions where the multiple boundaries of the subgrains interact with the electron beam [32] . Comparing Fig. 4a and b, it is clear that each large grain contains several bands. These bands vary in width, direction and crystallographic orientation and agree with the f112g and f114g twinning systems of the austenite phase [33, 34] . The particular grain in Fig. 4c shows two types of bands with high misorientation relative to each other (crystallographic orientations corresponding to green and blue colors of the IPF); the grain boundary is given with a dashed line. Fig. 4d shows that a band is usually composed of agglomerations of subgrains having lower crystallographic misorientation relative to the each other; e.g. the band with crystallographic orientation close to 〈101〉 in Fig. 4d consists of numerous subgrains (variation of green color of the IPF).
The XRD pattern of the as-received material exhibits only B2 austenite reflections. Williamson-Hall analysis [35] 
Localization of martensitic transformation
Fig . 5 shows the strain maps from the macro-DIC analysis at the four loading states (specified in Fig. 2 ). The strain magnitudes along axis 1 and axis 2 are denoted as ε 11 and ε 22 respectively. Macro-DIC revealed the localization of the strain, which is associated with the martensitic transformation. Upon loading axis 1 up to F1max, an Xshape band with high ε 11 strain forms at the center of the cruciform. After loading axis 2 until F1F2 (cf. Fig. 2 ), the width of the transformation band in Fig. 5b decreases as well as the strain ε 11 magnitude inside the band. A further strain reduction of ε 11 is observed during unloading axis 1, from F1F2 to F2max (cf. Fig. 2 ). The strain map at F2max reveals the formation of a new X-shape band at the center of the cruciform. This band appears as strain concentration of ε 22 , and has a different inclination from the one formed under F1max (see Fig. 5 ). The strain magnitude at both loading states F1max and F2max is equal to 7%. After a full cycle of the LPC, the strains ε 11 and ε 22 are, within the uncertainty of the measurement, fully recovered.
In summary, macro-DIC reveals forward and reverse martensitic transformations during one LPC cycle. The formation of different Xshape bands (strain localization along either ε 11 or ε 22 ) reflects the way the martensitic transformation accommodates the applied strain along either axis 1 or axis 2 (i.e. at either loading state F1max or F2max in Fig. 2) .
To investigate the transformation bands microscopically, HRDIC was performed close to the center of the cruciform. Fig. 6a and b show the in-plane strain maps at F1max and F2max respectively: the strain ε 11 at F1max and the strain ε 22 at F2max. The grain boundaries are designated with dashed lines based on the EBSD IPF map of the same area (see Fig. 4a ). The grains A e E in Fig. 6 are discussed in more details in section 4. Note that the left bottom part of Fig. 6b exhibits almost no transformation strain which has to be ascribed to the change in shape of the X-shape transformation band: i.e. this part of the field of view is probably outside of the Xshaped band observed at F2max. This is confirmed by the average strain calculated from HRDIC under F2max which results in~3% instead of the expected~7% calculated from macro-DIC close to the center of the cruciform. Locally it was however observed that on the right hand side of Fig. 6b some grains generate higher transformation strains at F2max than at F1max (see e.g. grains B and E). The vertical lines appearing periodically throughout the whole map are artifacts originating from the drift distortions relating to the scanning motion of the electron beam in SEM [36] . Fig. 6a and b show that the strain accommodated by the phase transformation is microscopically heterogeneous. Under both loading states (F1max and F2max), high strains develop locally and form bands inside the large grains. Localized high-strain bands are oriented similarly to the microstructural bands observed in the IPF map (cf. Fig. 4a ), underlining the important role of the microstructural features of the as-received material in the transformation behavior. Furthermore, the localization of these high strain bands differs under different loading states as it will be illustrated in section 4. Fig. 7a shows the evolutions of the diffraction reflections in a selected 2q range from both Mythen II and 6M Pilatus detectors during the LPC. At the beginning of the first loading, the strong reflection corresponds to the 110 B2 reflection. During loading along axis 1, the position of the 110 B2 reflection shifts towards a lower 2q angle for the Mythen II detector and towards higher 2q angle for the 6M Pilatus detector. When F1 reaches~24 N, the intensity of the 110 B2 reflection drops suddenly, meanwhile reflections of B19 0 martensite appear. Two strong martensite reflections are observed at F1max: the 002 B19 0 and the 012 B19 0 reflections. Upon loading axis 2, no new martensite reflections emerge. The position of the 002 B19 0 and the 012 B19 0 reflections move slightly to higher 2q values (see Fig. 7a ), reflecting the action of F2 on the existing martensite. This effect can be also observed in the 110 B2 reflection, suggesting stress relaxation in the austenite (Fig. 7b ). This plot also shows that the intensity of the 110 B2 reflection slightly increases during this loading path. Fig. 7c shows the evolution of the martensite phase fraction obtained from Mythen II during the full LPC. Between F1max and F1F2 a slight decrease in the martensite phase fraction is observed. The reverse transformation from martensite back to austenite phase has been proposed as a possible deformation process under multiaxial loading as suggested in the micromechanical modeling of superelastic NiTi during the biaxial loading of tension and shear [37] . The present XRD results seem to confirm that upon changing loading path from uniaxial to biaxial, reverse transformation can occur. This is also evidenced by the decrease in the strain magnitude within the transformation band in macro-DIC (see section 3.2). At the microscopic level, a reduction in the intensity of some high-strained bands is observed (not shown here). If this reduction in strain magnitude can be related to local reverse transformation of some nanoscaled subgrains is a matter of further research. The above results furthermore show that the martensite variants in the F1F2 loading state are the same as in the loading state F1max, which is not necessarily in agreement with the Schmid law. This observation suggests that the variants at F1F2 depend on the path followed to reach this stress state.
In situ synchrotron-XRD study of the LPC
Between F1F2 and F2max, first the intensity of the austenite reflections continues to increase but is then followed by an abrupt decrease. During this loading path the intensity of the 110 B2 reflection increases (Fig. 7a) , while the intensities of the martensite reflections decrease. The position of the 110 B2 reflection shifts back to the initial position (unloaded state), moving further towards higher 2q angle for the Mythen II detector and towards lower 2q angle for the 6M Pilatus detector (as expected for this loading path). When axis 1 is nearly completely unloaded (5 N), a new set of martensite reflections appear together with the abrupt loss in intensity of the austenite reflection. Fig. 7c shows that the martensite phase fraction decreases drastically and then increases again during loading between F1F2 and F2max. The set of martensite reflections formed under F1 disappear and a new set forms corresponding to the applied load F2, suggesting that different martensite variants appear upon the load path change. During the final unloading of axis 2, the martensite reflections disappear and the initial intense austenite reflections appear again. The 110 B2 reflection in Fig. 7a shifts back to the initial position after one full LPC cycle, suggesting full recovery of the deformation and therefore good superelasticity within one LPC cycle.
The full-width-half-maximum (FWHM) of the 110 B2 reflection increases from 0.072 to 0.076 for the diffraction pattern obtained from Mythen II and from 0.115 to 0.122 from Pilatus 6M after a full LPC cycle. The two FWHM in the perpendicular directions are different, even before the loading, due to the different instrument resolution function in the two directions and in the two detectors. The broadening of the peak profile indicates the accumulation of dislocations after a full LPC cycle and the accumulation of residual strain as previously observed for this material in simple tension [6] . This is confirmed in Fig. 8 , where (a) shows residual strain traces after full unloading and (b) the corresponding Electron Channeling Contrast Image (ECCI) of the same area. The narrow strain traces can be correlated to the sharp contrast features from retained dislocation bundles in the transformed areas.
Discussion
Combining the results from synchrotron XRD, HRDIC and EBSD, the role of the microstructure of a commercial superelastic NiTi alloy in accommodating strain during uniaxial tension and LPC is revealed. The initial microstructure is composed of large austenite grains with an out of plane 〈111〉 texture. The grains contain narrow bands which can have a relative high misorientation with respect to the hosting austenitic grain. Each band is composed of numerous nanoscaled subgrains having small crystallographic misorientations with respect to each other, as previously observed by TEM [6] . The 2D diffraction images evidence continuous parts of the Debye-Scherrer rings rather than discontinuous diffracted spots, confirming that the diffraction data are issuing from the subgrains. Note that the microstructure has no in-plane texture, as shown in Figs. 9e11 .
To verify the role of the bands and subgrains in the transformation behavior, details of EBSD and HRDIC results are presented for a few grains. Since the martensitic transformation in NiTi has been reported to follow the Schmid law [11, 38] , SF maps were additionally calculated. These maps show the maximum values of the SF among the 24 possible variants for a given crystallographic orientation by considering different macroscopic tensor matrices under F1max and F2max respectively. For this purpose, the shear Figs. 9e11 shows for a few grains (contained in Fig. 6 ) the EBSD IPF maps for out-of-plane and in-plane orientations, the HRDIC strain maps and SF maps for F1max and F2max. In general, the SF of the most favorable variant is relatively high for all grains in both loading states (F1max or F2max) which explain the 90% volume fraction of martensite observed by XRD (see section 3.3). The different maps shown in Figs. 9e11 indicate that the transformation is strongly correlated to the complex austenite microstructure. The high-strain bands observed by HRDIC correspond to microstructural bands observed in IPFs. Which microstructural band will create a high strain bands depends on the loading state as will be discussed below. Fig. 9 shows the details for grain A. The IPF shows narrow bands alternated with broader bands distinguished by out-of-plane and in-plane misorientations. Under F1max the narrow bands have high SF values and correspond with high-strain bands in the HRDIC map. Under F2max, the correspondence is not so clear, although the highly strained locations in the HRDIC seem to coincide with an area where the SF is higher than its surrounding. Similar observations can be made for grain B and grain E. In grain B the strain bands are a bit less pronounced, they can however also be correlated to microstructural bands observed in the IPF maps. In the SF maps there are no bands recognizable and high SF variants are available under F1 and F2 for the entire grain. This is not the case for grain E. There, the microstructural bands are also recognizable in the SF maps and the strain bands are very pronounced under F2max. Fig. 10 shows the details for grain C. Besides the narrow bands as discussed above, this grain has a central area (dashed circle) where "clouds" of clustered subgrains are recognizable in the IPF maps. The in-plane and out-of-plane IPFs show that the clusters are misoriented relative to each other. Each cluster seems to contain nanograins with similar crystallographic orientations, as was also observed in the high magnification EBSD maps in Fig. 4 . The central area exhibits considerable scatter of the SF values under F1max. Nevertheless, high strain bands are observed in HRDIC under F1max suggesting that clusters of differently oriented subgrains transform collectively choosing a single martensite variant and thus resulting in similar (high) values of transformation strain. The latter implies that the transformation is affected by the intergranular interaction between the subgrains, which obstructs the absolute obedience to the Schmid law. Non-Schmid behavior as a result of intergranular strains was also observed in equiaxed polycrystalline NiTi with either relatively small [40] or relatively large grain size [41] . At the loading state F2max, the transformation strain in grain C is relatively low and concentrates at different locations. As discussed previously, grain C is probably situated out of the center of the transformation band which moved when changing load path from F1 to F2.
Grain D in Fig. 11 is another interesting example underlining the role of subgrained bands within an austenitic grain. According to the IPF maps, three types of bands a-c with different orientations are observed, marked with dashed lines. Type-b bands have welldefined interfaces, and they consist of subgrains having all a distinct crystallographic misorientation relative to the subgrains outside the band. On the other hand, the crystallographic orientations of type-a and type-c are more similar to each other, and the boundaries between these two types of bands are more diffuse. Interestingly, under F1max, the locations of high strain in the HRDIC map correspond to the orientation of type-a and -b bands, whereas, under F2max, the transformation bands correspond to the type-c bands. Careful inspection reveals that the SF maps reflect the three types of bands in both loading states.
In summary, the results show the strong correlation of the transformation with the Schmid law at the loading states F1max and F2max. However evidence of non Schmid behavior is obtained by the appearance of the same variants at F1max and F1F2 and the collective transformation of differently orientated subgrains.
Conclusions
Combining EBSD, macro-DIC, in situ HRDIC and in situ synchrotron XRD, the localization of the stress induced martensitic transformation during uniaxial tension and load path changes was studied at the macroscopic and microscopic level for a commercial superelastic NiTi alloy (Memry GmbH). The relationship between the austenitic multi-length scale microstructure and the transformation is revealed.
The following conclusions have been reached:
1. The microstructure of the superelastic NiTi alloy has a strong out-of-plane texture at the macroscale with austenite grains of several tens of microns. At the nanoscale, the material contains bands with subgrains. The misorientation among these bands is mostly higher than the misorientation among the nanograins within a band. This complex microstructure makes the material capable to sustain large strains and exhibit good superelasticity during one LPC cycle. 2. Bands of nanograins transform collectively and produce highstrain bands suggesting the importance of grain interactions at the nano-length scale. 3. The localization of the strain bands is different under F1max and F2max, in situ XRD confirms that martensite variants change upon changing the load path between them. However, at the loading state F1F2 no significant change of the martensite variants is observed. Instead the variants already formed at the loading state F1max are preserved, suggesting a non Schmid behavior.
